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© Method of fabricating an ultra-thin active region for high speed semiconductor devices. 


© A method of fabricating a semiconductor device 
(10) to retard diffusion of a dopant from a center 
active region (14) into adjacent regions. The center 
active region is epitaxially formed by selectively 
) increasing and decreasing an introduction of 

diffusion-suppressing material, preferably germani- 
um, into a semiconductor material, preferably silicon, 
so that a vertical profile of the content of the 
diffusion-suppressing material is such that outdif- 
fusion of a dopant is minimized. One embodiment of 
the tailoring is to increase the concentration of the 
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diffusion-suppressing material at both of the op- 
posed sides of a base region of a bipolar transistor, 
thereby providing concentration peaks at the inter- 
faces of the base region with collector (12) and 
emitter (14) regions. The concentration of germa- 
nium in a Sii_ x Ge x layer is such that the value x is 
within the range 0.08 to 0.35 and optimally within the 
range 0.15 to 0.31. The dopant, preferably boron, 
also has a tailored concentration profile to minimize 
outdiffusion. A thinner, more highly doped active 
region is thereby achieved. 
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Technical Field 

Tho present invention rotates generally to the 
fabrication of semiconductor devices and more par- 
ticularly to fabrication steps to retard diffusion of a 
dopant. 

Background Art 

The transit time of carriers through an active 
region is an important consideration in maximizing 
the speed of a semiconductor device. For example, 
reducing the transit time through the base region of 
a bipolar transistor will lead to a higher speed 
transistor. 

Extensive work has been performed within In- 
ternational Business Machines Corp. to minimize 
base transit time by accelerating carriers through 
the base region of an NPN transistor. U.S. Pat No. 
4,997,776 to Harame et al. teaches base and col- 
lector regions that are epitaxially formed silicon- 
germanium layers. An impurity profile plot illus- 
trates a suggested grading of germanium content 
designed to create a drift field to accelerate car- 
riers through a base region/ The patent teaches 
that especially in NPN transistor performance, car- 
riers are accelerated through the base region due 
to a smaller bandgap created by the grading of 
germanium. While the smaller bandgap in the base 
region reduces the barrier for electron injection into 
that region, the primary benefit is gained by band- 
gap grading which introduces a drift field, e.g., 1 5- 
25kV/cm. aiding the transport of electrons. Patton 
et al. IEEE Electron Device Letters , vol. 10 (1989), 
pages 534-536, report use of a graded Sh-xGex 
base material, with x varying from 0 to 0.14 to 
introduce the drift field that aids the transport of 
electrons. In IEEE Electron Device Letters , vol. 1 1 
(April, 1990), pages 171-173, Patton et al. report a 
germanium grading in the base region of a 
heterojunction bipolar transistor (HBT) to create a 
drift field of approximately 20kV/cm, resulting in an 
intrinsic transit time of only 1 .9ps. 

While the research at International Business 
Machines Corp. has shown some of the advantages 
of Sii- x Ge x in bipolar device design, there are 
limits to the improvement. Fabrication steps that 
occur subsequent to the epitaxial formation of - the 
Si,- x Ge x base r gion may adversely aff ct both the 
speed and the performance of th HBT. The tran- 
sistors are particularly susceptible to degradation 
during subsequent steps which take place at ele- 
vated temperatures. 

Silicon-germanium heterojunction bipolar tran- 
sistors have been fabricat d by others with con- 
centrations of germanium that xceed those de- 
scribed above. Kamins et al., IEEE Electron Device 
L_dt±^r<? wni 1 n /MnuamhAr 1QAS\ oanes 503-505 


describe the base region of an HBT with a uniform 
germanium content of 31 percent. Favorable results 
were obtained, but the report concludes that further 
improvement was likely available. 
5 It is an object of the present invention to pro- 
vide a method for fabricating a high-speed, high- 
performance semiconductor device. 

Summary of the Invention 

70 

The above object has been met by a method 
which takes the approach of minimizing dopant 
diffusion from an active region so that thinner ac- 
tive regions can be obtained, thereby requiring 
is carriers to travel a shorter distance in traversing the 
active region. The active region is epitaxially 
formed and the concentration of a diffusion-sup- 
pressing material within the active region is tailored 
to provide a concentration distribution intended to 
20 minimize diffusion. That is, the focus is upon tailor- 
ing concentrations to reduce diffusion, rather than 
upon grading a material within a doped layer to 
create a drift field to aid the transport of electrons. 
Epitaxial formation allows tailoring of the concentra- 
25 tion profiles of both the diffusion-suppressing ma- 
terial and a dopant within an active region fab- 
ricated according to the present invention. 

While the present invention may be used in 
fabricating other types of semiconductor devices, 
30 in a preferred embodiment the active region is an 
epitaxial base layer of a bipolar transistor. Diffusion 
of boron within the epitaxial base layer is retarded 
by tailoring the concentration of germanium within 
a silicon germanium alloy. Preferably, the con- 
as centration of germanium is maintained within the 
range of 8 percent to 35 percent, with an optimal 
range being 15 percent to 31 percent. The higher 
concentrations retard diffusion, but too great a con- 
centration will cause structural instability of the 
40 epitaxial base layer. 

As noted above, the approach to increasing the 
speed of the semiconductor device is to reduce the 
width of the active region. It is known that the width 
of a base region of a bipolar transistor affects the 
4$ speed of the transistor. However, conflicting re- 
quirements of bipolar transistors limit the speed 
and performance of such transistors. On the one 
hand, a thinner base region leads to a shorter 
transit tim . On the other hand, th thinner base 
so region will adversely increase the base resistance 
unless the doping concentration is increased. How- 
ever, a higher cone ntration of dopant, such as 
boron, causes accelerated dopant diffusion 
(cone ntration enhanced diffusivity) from the base 
55 r gion during subsequent fabrication steps that re- 
quire an elevated temperature. 

Consequently, retarding boron diffusion is an 
imDortant limitina factor in the fabrication of ul- 
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trafast bipolar transistors and other semiconductor 
devices. The present invention utilizes germanium 
as a diffusion-suppressing material and tailors the 
concentration of the germanium in a mann r to 
allow fabrication of thin, highly doped base regions. 
In the preferred embodiment, the tailoring is such 
that the diffusion retarding distribution of germa- 
nium is located near the boundaries between emit- 
ter, base and collector regions. However, this pre- 
ferred tailoring is not critical to the present inven- 
tion. Simultaneously, the base dopant, e.g., boron, 
may also be tailored to provide an absence of base 
dopant near the interfaces with the emitter and 
collector regions. This tailoring of the Dase dopant 
further ensures that outdiffusion from the base re- 
gion is reduced or eliminated. 

An advantage of the present invention is that 
the intentional incorporation and tailoring of germa- 
nium to reduce boron diffusivity allows the fabrica- 
tion of significantly faster bipolar devices and other 
improved semiconductor devices, such as shallow 
junction MOS devices. Current procedures for mini- 
mizing the width of a base region rely upon low 
epitaxial growth temperatures and low temperature 
steps in processing subsequent to the epitaxial 
growth. The present invention allows some relax- 
ation of the restrictive use of low temperature pro- 
cessing step*. U.S. Pat. No. 4,835,112 to Pfiester 
et al. teaches that germanium may be implanted to 
retard ^diffusion of dopants which have also been 
implanted. However, the implantation allows neither 
a tailoring of the concentration cf germanium to 
minimize base width nor tailoring of the boron. 
Moreover, the implantation of germanium at suffi- 
cient levels will cause damage to the lattice of the 
semiconductor layer. Such damage can only be 
removed by elevated temperatures. 

Another advantage is that in addition to retard- 
ing outdiffusion from the active region, the present 
invention suppresses? diffusion within the active re- 
gion, so that the resulting active region is one that 
is less susceptible to a redistribution of dopant that 
was originally introduced in a manner to achieve a 
desired concentration profile of dopant. Yet another 
advantage is that while the primary focus is upon 
retarding diffusion by tailoring the diffusion-sup- 
pressing germanium, the germanium within the epi- 
taxial region provides a drift field that aids the 
transport of electrons. 

In one embodiment, a collector region of silicon 
having an n-type dopant is egrmih <'brv«4h silicon* - 
substrate using a chemical vapor deposition reac- 
tor\ A layer of Sii- K Ge x epitaxial material is then 
grown at 500°C to 700°C within the reactor. Both 
the germanium and the boron that dopes the layer 
have tailored concentrations as described above. * 
An n-type emitter region of silicon is then grown at 
a temperature within the range 500°C to 750°C. 


An exemplary embodiment of the invention will 
now be described with reference to the following 
drawings: 

Fig. 1 is a side sectional view of a heterojunction 
5 bipolar transistor fabricated in accord with the 
present invention. 

Fig. 2 is a graphical view of a tailored concentra- 
tion profile of germanium in a Sh-xGex base 
region of Fig. 1. 
;o Fig. 3 illustrates graphically the diffusion of bo- 
ron in an epitaxial silicon layer after a 20 minute 
anneal at 920 * C. 

Fig. 4 illustrates graphically the diffusion of bo- 
ron in an epitaxial layer of Si.75Ge.24 after a 20 
15 minute anneal at 920 * C. 

Fig. 5 illustrates graphically the difference of 
diffusivity of boron in silicon and in Si.7 6 Ge. 2 4. 

Best Mode for Carrying Out the Invention 

20 

With reference to Fig. 1, a heterojunction bi- 
polar transistor 10 is shown as including three 
epitaxially. grown active regions, comprising a col- 
lector region 12, a base region 14 and an emitter 

25 region 16. The epitaxial layers that form the active 
regions 12-16 are grown on ah n+ buried layer or 
subcollector region 17 of a silicon substrate 18. 
= These epitaxial layers may be deposited by any of 
a number of different. techniques. Some of these 

30 . techniques are types of chemical vapor deposition 
(CVD). The discussion below gives typical param- 
eters for silicon and silicon germanium in situ de- 
position in a lamp-heated CVD system. This pro- 
cess is known to provide abrupt transitions in dop- 

35 ing concentration. Different deposition parameters 
would be used in other types of CVD systems. 

An isolation structure 20 of silicon dioxide is 
deposited at 400* C and is patterned to provide a 
region for formation of the heterojunction bipolar 

40 transistor 10. A layer of poly silicon 22 to be used 
for electrical connection to the base region 14 may 
be formed either prior to or subsequent to deposi- 
tion of the epitaxial active regions 12-16. The sili- 
con dioxide that comprises the isolation structure 

45 20 is formed and patterned using conventional 
semiconductor fabrication process steps. 

Prior to growth of the collector region 12, the 
silicon substrate 18 receives a suitable pretreat- 
ment to clean the surface. The collector region 1 2 

so is grown at a temperature within the range of 
750*-C-to-1-T8G'6 Within an atmosphere of SiCI 2 H 3 
and ASH3 in an H2 carrier gas to form an arsenic- 
doped silicon layer. A typical doping level may be 
3 x 10 16 atoms/cm 3 . 

55 The base region 14 is a layer of Sii- K Ge x . As 
will be described more fully below, the value x is 
varied along the vertical profile of the base region 
14. That is, the concentration of germanium is 
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tailored. One embodiment of the tailoring is shown 
in Fig. 2. the tailoring is designed to retard the 
diffusion of boron within the base region 14 and 
from this region into adjacent regions. The 
Si,- x Ge K is grown in the range of 500 *C to 700 *C 
using GeH*. SiCfehb and B 2 H 6 . 

The emitter layer 16 is grown in a similar 
manner as the collector region 12. However, the 
temperature at which the emitter region is grown is 
more important than the growing of the collector 
region, since high temperatures induce boron diffu- 
sion within the base region 14. Because of the 
tailoring of the germanium within the base region, 
the diffusion is less likely to adversely affect the 
electrical performance of the resulting structure. 
While the restrictive use of low temperature pro- 
cessing steps is relaxed compared to prior art 
methods, diffusion is still a concern. The growth of 
the silicon emitter region 16 should be at a tem- 
perature as low as practical limitations allow. There 
are limited gains with respect to minimizing dif- 
fusivity below 700 • C. . v 

Following deposition of the epitaxial active re- 
gions 12-16, the transistor structure is completed 
using generally conventional silicon processing. If 
the polysilicon layer 22 that provides the external 
base connection to the base region 14 has not 
previously been formed, the polysilicon is depos- 
ited and an isolation layer 24 of silicon dioxide is 
provided as an insulator. Then, contact regions are 
opened to the base-connection polysilicon layer 22 
and the subcollector region 17. The contact open- 
ings are laterally displaced from the active transis- 
tor 10. While not shown, a contact to the emitter 
region 16 is preferably formed directly over the 
active transistor 10. The contact regions 26, 28, 30, 
32 and 33 may be further doped by ion implanta- 
tion of suitable species, e.g.. boron for the base 
region 14 and arsenic or phosphorus for the sub- 
collector region 17 and the emitter region 16, fol- 
lowed, by annealing at a moderate temperature to 
activate the dopant atoms. Ohmic metal contacts 
34, 36, 38 and 40 may then be formed on the 
heavily doped contact regions 26-33. The ohmic 
metal contacts typically comprise a barrier layer of 
titanium-tungsten and an upper layer of an alu- 
minum alloy, such as aluminum-copper. A final 
low-temperature anneal at approximately 400 *C- 
450 • C completes the device-fabrication process. 

Referring now to Fig. 2, a tailored vertical pro- 
file of the germanium concentration in the Sii^ x 6e x 
base region 14 is shown. It has been discbv r d 
that the germanium acts as a diifusion-suppressing 
material in a heterojunction bipolar transistor. Th 
concentration of germanium has been tailored to 
minimiz outdiffusion of boron at the interfaces of 
the base region with the silicon collector and emit- 
ter regions 12 and 16 and to r tard diffusion inter- 


nal to the base region. The concentration at the 
base-collector interface is greater than the con- 
centration at the base-emitter interface, thereby 
enhancing the drift field effect of the silicon-germa-v 

5 nium at the base-collector interface. Thus, there 
are benefits during both the fabrication and the 
operation of the heterojunction bipolar transistor. 

Figs. 3 and 4 illustrate the effect of germanium 
on the diffusion of boron. Fig. 3 is a. graphical 

70 illustration of diffusion in epitaxial silicon/ After the 
epitaxial silicon has been subjected to an anneal of 
20 minutes at a temperature of 920 * C, the boron is 
diffused significantly throughout the epitaxial sili- 
con. The boron diffusivity is estimated at 3 x 

75 10~ ,5 cm 2 /second. In comparison, Fig. 4 illustrates 
diffusion in an epitaxial layer of Sii- x Ge x . with x = 
0.24. After a 20 minute anneal at a temperature of 
920 * C, the boron distribution remains closer to the 
original distribution and outdiffusion is greatly re- 

20 duced. Boron diffusivity in Si. 76 Ge.24 for a 920 # C 
anneal is estimated at 3 x 10~ 16 cm 2 /second. The 
boron diffusivity may be further reduced by tailor- 
ing the vertical profile pf germanium content as 
described above. Moreover, Fig. 4 shows a tailor- 

25 ing of the boron which leaves an absence of boron 
at the opposed sides of the Sii- x Ge x layer. Typi- 
cally, the boron-free areas within the Sh- x Ge x layer 
are thinner. The boron-free areas further ensure 
that outdiffusion does not adversely affect transistor 

30 performance. 

Fig. 5 shows measured boron diffusivity in sili- 
con and in Si^eGe.24 for temperatures ranging from 
800 *C to 920* C. The boron diffusivity in the 
Si.7eGe.24 is approximately 15 percent of the boron 

35 diffusivity in Si at any temperature within this 
range. Correspondingly, there is an immediate gain 
of 75 *C in the available thermal budget, if Si,- x Ge K 
is used to retard the boron diffusion. 

Fig. 5 shows that the inclusion of Ge reduces 

40 the boron diffusivity. While it is not fully understood 
why the addition of germanium suppresses boron 
diffusion, there are a number of possible explana- 
tions. A first explanation involves the difference 
between the intrinsic carrier concentration of Si and 

45 that of Sii- K Ge K . In some ranges of dopant con- 
centrations, the diffusion might be extrinsic for Si 
and intrinsic for Sii- x Ge x . Thus, a concentration- 
enhanced diffusivity might be observed for Si and 
a lower intrinsic diffusivity might be found for 

so Sii- x Ge K for the same boron doping concentration. 
Other explanations relat to the physical mecha- 
nisms of dopants mgying through a lattice. The two 
dominant diWiSsio^pSechanisms are (1) substitu- 
tional diffusion in which dopant atoms propagate 

55 through the lattice by replacing an atom of the 
semiconductor material at a given lattice site and 
(2) interstitial diffusion in which dopant atoms do 
not diffuse by replacing the semiconductor atoms 
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at the lattice, but instead move throughout the 
interstitial voids in the three-dimensional lattice 
structure. Research suggests that germanium may 
somehow suppress the interstitial diffusion mecha- 
nism and, hence, the overall diffusivity. 

While the present invention has been de- 
scribed and illustrated as a method of fabricating a 
heterojunction bipolar transistor, the method may 
be used to fabricate other devices, such as shallow 
junction MOS transistors, and may be used to 
fabricate optical-electronic devices or other devices 
in which performance can be enhanced by retard- 
ing diffusion of atoms during fabrication. Depending 
upon the precise mechanism, suppression of diffu- 
sion of dopants other than boron may be achieved. 
Inhibition of diffusion of an n-type dopant, such as 
arsenic or phosphorus, in Sii- x Ge x is also possible 
because the diffusion mechanisms of n-type dop- 
ants are similar to those for p-type dopants. More- 
over, the use of germanium as the diffusion-sup- 
pressing material is considered to be the preferred 
material for reasons involving both experimental 
results and ease ^Jf~1alDrication, but other alloys 
may be used. For example, the Sh-xGex may be 
replaced by Si,- y C y or by Sii-x-yGe K Cy. 

Claims 

1. A method of fabricating a doped region (14) of 
a semiconductor device (10) to retard diffusion 
of a dopant into regions adjacent to said doped 
;region, said method comprising, 

forming an epitaxial first layer (14) adja- 
cent to a monocrystalline semiconductor sec- 
ond layer (12), said step of forming including 
epitaxially incorporating both a dopant and a 
diffusion-suppressing material in a semicon- 
ductor material, said epitaxial incorporation of 
said diffusion-suppressing material including 
tailoring the concentration of said diffusion- 
suppressing material within said epitaxial first 
layer so that diffusion of said dopant into said 
semiconductor second layer is minimized, said 
semiconductor second layer being substantial- 
ly absent of said diffusion-suppressing ma- 
terial, 

whereby said step of tailoring the con- 
centration of said diffusion-suppressing mate- 
rial minimizes dopant outdiffusion from said 
epitaxial first layer and retards dopant diffusion 
within said epitaxial first layer. 

2. 1 The method of claim 1 further comprising for- 
ming a semiconductor third layer (16) on a 
side of said epitaxial first layer (14) opposite to 
said semiconductor second layer (12). said tai- 
loring the concentration of said diffusion-sup- 
pressing material including varying said incor- 


porating said diffusion-suppressing material 
during said step of forming said epitaxial first 
layer such that diffusion of said dopant is less 
at interfaces of said epitaxial first layer with 
s said semiconductor second and third layers 

than is diffusion within a central region of said 
epitaxial first layer. 

3. The method of claim 2 wherein said, tailoring 
70 increases said concentration of said diffusion- 
suppressing material with approach to said in- 
terfaces. 

4. The method of claims 2 and 3 wherein said 
is step of forming said epitaxial first layer (14) 

includes selecting germanium as said 
diffusion-suppressing material and includes se- 
lecting silicon as said semiconductor material. 

20 5. The method of claim 1 ( 2 and 4 wherein said 
step of forming said epitaxial first layer (14) 
includes tailoring said concentration of said 
dopant so that the area of said epitaxial first 
layer adjacent to said semiconductor second 

25 layer is substantially free of said dopant. 

6. The method of claim 2 wherein said semicon- 
ductor second and third layers (12 and 16) are 
selected to be silicon layers and wherein said 

30 step of forming said epitaxial first layer (14) is 

a step of selecting germanium as said 
diffusion-suppressing material, thereby forming 
a layer of S^-xGex, said tailoring of the con- 
centration of germanium including varying the 

35 value x, but maintaining said value x within the 

range 0.08 to 0.35. 

7. The method of claim 6 including maintaining 
said value x within the range 0.15 to 0.31. 
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0 A method of fabricating a semiconductor device 
(10) to retard diffusion of a dopant from a center 
active region (14) into adjacent regions. The center 
active region is epitaxially formed by selectively 
increasing and decreasing an introduction of diffu- 
sion-suppressing material, preferably germanium, 
into a semiconductor material, preferably silicon, so 
that a vertical profile of the content of the diffusion- 
suppressing material is such that outdiffusion of a 
dopant is minimized. One embodiment of the tailor- 
ing is to increase the concentration of the diffusion- 


suppressing material at both of the opposed sides of 
a base region of a bipolar transistor, thereby provid- 
ing concentration peaks at the interfaces of the base 
region with collector (12) and emitter (14) regions. 
The concentration of germanium in a Sii- x Ge x layer 
is such that the value x is within the range 0.08 to 
0.35 and optimally within the range 0.15 to 0.31. The 
dopant, preferably boron, also has a tailored con- 
centration profile to minimize outdiffusion. A thinner, 
more highly doped active region is thereby 
achieved. 
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